The application of wire grid polarizers as efficient polarizing beam splitters for visible light is studied. The large differences between the transmissivity for different polarizations are explained qualitatively by using the theory of metallic wave guides. The results of rigorous calculations obtained by using the finite element method are compared with experiments for both classical and conical mount. Furthermore the application of wire-grid polarizers in liquid crystal on silicon display systems is considered.
Introduction
The wire-grid polarizer (WGP) is a metallic grating with period smaller than the wavelengths for which it is used. An example is shown in Fig. 1 . Let a plane wave be incident on the grating. We assume first that the wave vector of the incident plane wave is in the plane perpendicular to the grooves. This case will be called the classical mount. According to our coordinate system (see Fig. 2 ), φ = 90 • for this case. When the incident light is linearly polarized such that the electric vector is parallel to the wires (or grooves) of the WGP, the light is almost totally reflected as if the WGP were a flat metallic mirror. This state of polarization is called s-polarization because the electric field is perpendicular (Senkrecht) to the plane of incidence through the incident wave vector and the z-axis in Fig. 1 . When the incident light is linearly polarized such that the electric field is perpendicular to the wires, most of the light is transmitted. This state of polarization is called p-polarization because the electric vector is parallel to the plane of incidence. It follows that when the incident light is unpolarized, the reflected light is predominantly s-polarized whereas the transmitted light is predominantly p-polarized. The WGP can thus be used as a polarizer. As such it is well known in applications in the infrared part of the spectrum. Using advances in nano fabrication technology, periodic metallic gratings with periods smaller than the wavelength are now finding applications in optics. A WGP has higher contrast and is less expensive than a conventional MacNeille polarizing beam splitter (PBS) based on thin layers on prismatic glass. Therefore, a WGP is a good alternative PBS in many applications such as projection systems in liquid crystal on silicon (LCoS) displays [1] . When the wave vector of the incident plane wave is not in the plane perpendicular to the grooves, i.e. φ is arbitrary. This case will be called the conical mount as shown in Fig. 2(b) . In this case, the s-and p-polarizations are coupled then the grating can not be used as a beam splitter.
Because plasmon resonance surface waves can be excited by a p-polarized incident plane wave whereas for s-polarization these waves never occur, one might think that plasmons can explain the working of a WGP. We shall show however that, at least for the WGP studied in this paper, plasmons are not excited. A common explanation of the WGP is based on the restricted movement of electrons perpendicular to the metal wires (see [2] and [3] ). In Section 2.1, we present a new qualitative explanation. We show that by considering one cell of the grating as part of a rectangular metallic wave guide, the large differences in transmission between the polarizations can be explained by the differences between the propagation constants of the guided modes for the two polarizations. In Section 3 we describe the rigorous model and the experimental set-up that we used for the quantitative analysis of WGPs. Several rigorous computational methods exist for diffraction gratings, e.g. those described in [4] , [5] , [6] and [7] . Some of these were at least initially developed for classical mount and extension to conical mount is not always straightforward. We used a model based on the finite element method (FEM) which has been described in [8] . The FEM is a general numerical method for solving boundary value problems. A lot is known about the mathematical properties of this method so that it can be applied with confidence. The main reason for us to use this method is that all kinds of geometries and materials can be simulated. Furthermore, the conical incident angles are not more difficult to solve than the classical mount. The model furthermore has the advantage over e.g. FDTD (finite difference time-domain) [7] that the radiation conditions that are implemented are not of absorbing type and hence approximative, but instead are exact. In a recent paper [3] , Yu and Kwok have studied the WGP in optics by applying the rigorous modal method developed by Li [9] to study the dependence on the polar angle in classical mount. The case of conical mount is much more difficult to solve with this method than the classical mount. Indeed, in [3] the only case of conical mount considered is that for which the incident wave vector is parallel to the grooves and in that case a simplified model is used. In contrast, we study the case of conical mount also for other angles of incidence. As stated above, for the FEM the conical case is not more difficult than classical mount. The case of polar angle of 45 • is very important for the application in liquid crystal on silicon(LCoS) systems that is considered in Section 5. The theoretical and experimental results that we present in Section 4 demonstrate that also for polar angle of 45 • and for azimuthal angles in the range −15 • 
Plasmons
Along an interface between a dielectric and a metal of which the real part of the permittivity is negative, a surface wave can propagate. When the z-axis is normal to the interface, the wave vector of the plasmon wave inside the dielectric is given by [10] , [11] :
with approximately
where n is the refractive index of the dielectric and k 0 is the wave number in a vacuum. In fact, k x and k y have small but nonzero imaginary part, hence the wave is slowly damped as in propagates along the surface. The magnetic field of the plasmon wave is perpendicular to the plane through the z-axis and the real part of the vector (k pl x , k pl y , 0), hence the wave is ppolarized. Now let k = (k x , k y , k z ) be the wave vector of a p-polarized wave that is incident on the WGP. The wave vector corresponding to the mth reflected order is:
where
. This wave corresponds can excite a surface plasmon when there holds
The WGPs that we study in this paper have period considerably smaller than λ /2 with λ the wavelength in the dielectric. Therefore we have that 2π/p is considerably larger than k 0 n. Hence (4) can never be satisfied for an integer m. Hence plasmon resonances are not responsible for the large differences between the polarizations.
Metallic waveguide theory
In this section we consider one cell of the grating as part of a metallic grating [12] and study the guided modes in such a waveguide to explain the performance of the WGP qualitatively. The field in such a guide can be written as a linear superposition of so-called waveguide modes. In this section we shall only consider electromagnetic fields that are independent of y. Suppose we have a two dimensional infinitely long slab waveguide, as shown in Fig. 3 . The regions I and III with refractive index n 1 consist of the same metal. The medium in region II is homogeneous dielectric with real refractive index n 0 . The width of the middle region is w. Then we can write the index of refraction as:
A waveguide mode is a field that depends on z by a factor exp(±iβ z), where β is the socalled propagation constant. We will consider only modes that are independent of y. There are two types of modes, namely TE modes of which the electric field is parallel to the y-direction and TM modes of which the magnetic field is parallel to the y-direction.
There are infinitely many in general complex values for the propagation constants which differ for TE and TM modes. When the material in region I and III is a perfect conductor, the following holds [12] 
Note that these numbers are either real or purely imaginary and that when w < λ /(2n 0 ) all β m are purely imaginary in the TE case. Then the amplitudes of all TE-polarized modes decrease exponentially with z. In contrast, for TM there is always at least one real propagation constant, namely β 1 = k 0 n 0 , no matter how small w is. When the finite conductivity of the metal is taken into account, the propagation constants all have non-vanishing imaginary part.In that when w < λ /2n 0 the propagation constant β 1 of Al for TE is always close to the imaginary axis whereas for TM the β 1 is close to the real axis.
Let an s-polarized plane wave whose wave vector is in the plane perpendicular to the grooves, be incident on a WGP. Such an incident field excites only TE-modes in the guide. For the WGPs it holds that w < λ /2n 0 , hence the propagation constants of all TE-modes have large imaginary parts. The amplitude of the transmitted field is thus exponentially smaller than that of the incident field. Conversely, when the incident plane wave is p-polarized (again with wave vector in the plane perpendicular to the grooves), its magnetic field is parallel to the grooves and hence only the TM modes are excited in the guides. Since the fundamental mode has a propagation constant with only a small imaginary part, a large fraction of the incident energy is transmitted. This explains qualitatively the working of a WGP. As an example we show in Fig. 5 the electromagnetic fields inside one period of the WGP when the incident light has wavelength λ = 550 nm, the period p = 144 nm and the duty cycle D = 45%. The perpendicular incident plane wave is either s-or p-polarized. The field in one cell of the grating was calculated rigorously by using the rigorous finite element method with periodic boundary conditions imposed as described in Section 3.1. It is seen that the total field is strongly evanescent in the case of s-polarization, but propagates through the groove in the case of p-polarization.
Computational model and experimental procedure

Computational model of a wire-grid grating
One could in principle use the waveguide model to calculate the electromagnetic field rigorously in the grating. However, this would require that the coupling efficiencies between the incident field and the waveguide modes are determined. Furthermore, the waveguide model would be difficult to apply to V-shaped grooves. We therefore decided to use the FEM for rigorous quantitative analysis. An advantage of the FEM model is that the case of conical incidence is not more difficult than the classical case. For details about the method based on the FEM and its application to diffraction gratings we refer to [8] and [11] . Here we only give a general description.
Consider a one-dimensional periodic diffraction grating as shown in Fig. 1 . With respect to the coordinate system (x, y, z) the grating is periodic in the x-direction and is translational invariant in the y-direction. In such a configuration there are solutions of Maxwell's equations of the form
for some numbers ω and k y and for some vector fields U and V that are periodic in x apart from a common phase shift. It can be shown that for given ω and k y Maxwell's equations are equivalent to a system of two coupled second order partial differential equations for only the components E y and H y . When we consider the scattering of an incident plane wave in classical mount, we have k y = 0. Then the two partial differential equations for E y and H y are uncoupled (one contains only E y , the other only H y ) and when the incident plane wave is s-or p-polarized, the same is true for the total field. In conical mount however, there holds k y = 0. Then the two partial differential equations are coupled and the polarizations mix. Hence, when the incident wave is s-or p-polarized, the total field is to some degree elliptically polarized. It is thus seen that the formulation in terms of the system of two, in general coupled, partial differential equations for E y and H y is valid for the general conical case and that the classical mount is only a special case of the general formulation. One can derive a boundary value problem for the system of two partial differential equations on a rectangular region Ω in the cross-sectional plane y = 0 which has width of one period in the x-direction and is so large in the z-direction that above and below Ω there are homogeneous half spaces. The boundary values for E y and H y on the boundaries x = constant are derived from the periodicity of the tangential electric and magnetic field components. The boundary values on the boundaries z = constant are derived by using plane wave expansions for the field in the half spaces above and below Ω. A non-local boundary condition is obtained which expresses the tangential magnetic field in terms of the tangential electric field components by means of a pseudo-differential operator. This boundary condition is rigorous in the sense that the boundary value problem on Ω is completely equivalent to the original scattering problem for Maxwell's equations. It differs in this respect markedly from for instance approximative absorbing boundary conditions that are often used in other methods such as FDTD.
The solution of the boundary value problem on Ω is computed by using the finite element method (FEM). This is a general mathematical method for solving all kinds of boundary value problems. It is very flexible regarding changing geometries and materials (for example metals and large optical contrast do no cause any problems). Furthermore, a lot of properties of the FEM have been proved mathematically. We stress that the method based on the FEM that we have used and that used by [3] as developed by Li [5] are both rigorous but that they otherwise are totally different.
Experiment
The WGP samples have been obtained from Moxtek Inc [13] . For arbitrary conical incident angles, we have measured the reflected intensity. In this case, the wire grid front faces the light source and detector, i.e. reflection takes place at the aluminum wire grid front. The light source and detector are fixed at θ i = θ r = 45 • , and the basis table rotates for varying conical angles from φ = 90 • to φ = 0 • . Because at the conical mount, the scattered field is not purely s-or p-polarized, but instead a mixture of the two. There is an other polarizer used in front of the detector in order to measure separately the s-or p-polarized components of the reflected light. In Fig. 7 the calculated depth dependence of wire grid performance for 550 nm incident radiation at classical mount (φ = 90 • ) is shown. The duty cycle has been chosen equal to 45%, hence, because the period was 144 nm, the width of the wires was 65 nm. The depth of the wires varies between 10 nm and 400 nm. The green curves in the figures are for normal incidence at θ = 0 • and the blue curves correspond to oblique incidence at θ = 45 • . The data show that the case of 45 • incidence gives better performance, i.e. higher ppolarization transmission and s-polarization reflection and lower p-polarization reflection and s-polarization transmission. Meanwhile the performance depends strongly on the polarizations. For s-polarization, at both normal and oblique incidence, the reflection and transmission become almost constants after the wires depth is increased to 100 nm. For p-polarization, the performance is periodic because of the phase interference. For p-polarized light at normal incidence (green lines in the figures), the transmission of p-polarized light peaks at depth 170 nm corresponding to the lowest reflection. At oblique incident angle of 45 • , the transmission of p-polarization peaks at 110 ∼ 130 nm while the reflection of p-polarization approaches almost zero at 140 ∼ 150 nm, which corresponds to a quarter wavelength. When the depth is in this range, we get better polarization efficiency. In the following simulations, the depth of the wires was set equal to 150 nm.
Results
General cases
Classical mount
The geometry of the WGP is described by the following parameters: period p=144 nm, depth of the wires d=150 nm, and width of the groove w=79 nm. A picture of the WGP obtained by using a scanning electron microscope (SEM) is shown in Fig. 8 . For the case that the plane of incidence is perpendicular to the grooves (classical mount), the calculated and measured dependence on the polar angle θ are shown in Fig. 9 .
It can be seen that in general the experimental and simulated results are similar. For ppolarization the agreement is quite good. For the case of transmission of s-polarization, the intensity received by the detector is so low that the detected signals are strongly affected by noise. For a more stable environment and longer exposure times, the measured data are expected to be lower. Small geometric differences can affect the performance of the WGP.
Metals
Different metals have different refractive indices, which affect the performance much. We consider now two other metals, gold and silver. The refractive indices [15] of aluminum, gold, and silver are shown in Fig. 10 as functions of wavelength. Red curves denote the real part and black ones the imaginary part. It is seen that both the real and imaginary part of refractive index of aluminum are nearly linearly increasing with wavelength in the range of visible light. At classical mount, with the polar angle θ fixed at 45 • , the simulated reflection and transmission as function of incident wavelength for the gratings of different metals is shown in Fig. 11 . It is seen in Fig. 11 that the WGP of aluminum is better than that of gold and silver. The contrast ratios of transmission and reflection are much larger for Al than for the other two metals. In general, metals with refractive indices with larger imaginary and smaller real part give better results.
Conical mount
When the plane of incidence is not perpendicular to the wire grids the field is said to be at conical mount (see Fig. 2 ). In this case, s-and p-polarizations are coupled, when the incident field is s-or p-polarized, the transmitted or reflected field is not purely s-or p-polarized. We consider the reflected and transmitted intensities for varying azimuthal angle φ . The polar angle θ is kept at 45 • while the azimuthal angle φ is varied from 0 • to 90 • in steps of 15 • . The incident rays are thus on a cone with its axis normal to the surface as depicted in Fig. 2 . The simulated results for the transmission and reflection coefficients as function of φ are plotted in Fig. 12 . The transmission of p-polarized light drops as φ is reduced from 90 • to 0 • , while the transmission of the s-polarization increases as expected. The reflection coefficients behave similarly. When φ decreases, the reflection of s-polarized light decreases and that of p-polarized light increases.
When the plane of incidence is perpendicular to the wire grids, i.e. at classical mount (φ = 90 • ), the electric field of p-polarization is perpendicular to the wire grids. When the plane of incidence is parallel to the wire grids (φ = 0 • ), the electric field of p-polarization is not perpendicular to the wire grids. In this position the electric field of p-polarized light has a ycomponent which is in the direction parallel to the wire grids and this results in a high reflection of p-polarization at this position.
When the plane of incidence is not at classical mount, the polarizations get coupled. The polarization states [16] of the light are then not any more linear, but elliptic. In Fig. 13 , the polarization states are shown as function of φ for wavelength of 550 nm. The polar angle θ along the vertical axis is the propagation direction after scattering.
In the case of pure s-polarization, the electric field is in the direction of the φ -axis. In the case of p-polarization, the electric field is along the θ -direction. We can see in Fig. 13 that at the classical mount of φ = 90 • and at the special conical mount of φ = 0 • , the polarization states of the transmitted and reflected fields are the same as that of the incident field, i.e. they are purely s-or p-polarized. The polarization states for the cases 0 < φ < 90 • are elliptic with small ellipticity and a mix of s-and p-polarized signals. The ellipticity is important and hampers a good contrast. Furthermore, the numbers marked around the ellipses denote the total intensity of the transmitted or reflected light. At φ = 0 • for s-polarization, although the transmitted and reflected field are also s-polarized, most of the light is transmitted while it is mostly reflected at φ = 90 • .
The elliptically polarized reflected and transmitted field can be decomposed as follows. When the incident field is s-polarized and has unit amplitude, R ps denotes the amplitude of the ppolarized component of the reflected field. Similar definitions holds for R ss , R sp and R pp . With the experimental set-up as shown in Fig. 6 (b) these reflectivity components can be measured. The mounted polarizer on the detector in this conical experiment reduces the measured intensity significantly. The total reflected intensity at (φ = 90 • ) should equal the previous measurement taken at classical mount, i.e. R ss + R ps = R s , hence the reduction ratio can be calculated and it is was found to be 64%. The comparison between measurements and simulations are shown in Fig. 14. The star-dotted computed lines are in good agreement with the measured solid lines.
In Fig. 15 and Fig. 16 calculated results obtained by the rigorous diffraction method and the effective medium method [17] are compared as functions of the azimuthal angle φ at polar angle θ = 45 • . Figure 15(a),(b) show the reflectivity and transmissivity components for incident s-and p-polarized light, respectively. Figure 16 The light path in a projection system of a liquid crystal display system is shown in Fig. 17(a) . The liquid crystal is situated on a silicon substrate, therefore this set-up is called LCoS. The unpolarized light that is emitted by the light source is first collimated and is then incident on the WGP with angle of incidence of 45 • . The light transmitted by the WGP and incident on the LCoS is thus predominantly p-polarized. When the LCoS panel rotates the polarization such that the light reflected by the silicon is s-polarized, the WGP reflects the light to the projector lens. Because in this application the light makes angle of 45 • with the WGP, the polarizing behavior for in particular this angle of incidence is important. Because the light wave is not plane but instead consists of a cone of incident rays, the tolerance of the WGP for other angles of incidence must also be studied.
In the application assembly, the incident light is a cone of rays with center given by θ = 45 • , φ = 90 • as shown in Fig. 17(b) . For an F/2.0 pupil, the range of the angles of the cone would be from 30.5 • to 59.5 • . The cone of incident rays causes that the polarization of the reflected and the transmitted rays cannot be perfect.
Referring to Fig. 17(b) , rays in the (x, z)-plane are in the classical mount, and hence s-and p-polarized states are separated. For other rays, the reflected and/or transmitted field will be a mixture of two polarizations. We define a plane Σ which is fixed by the wave vector k of the chief ray (at θ = 45 • and φ = 90 • ) and the y-axis. The angle of α is defined as the angle of an arbitrary ray deviating from the chief ray in the Σ-plane. With a ray moving away from the chief ray with angle α, the corresponding φ and θ are given by: 
For α = The polarization states at φ = 90 • are purely s-or p-polarization for the chief ray. When the deviation angle α increases the ellipticity becomes larger. The result could be that the contrast at the system becomes too low. 
